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I. Introduction 

Five years ago a t  the  symposium preceding the  present one, 
- 

two reports  summarized experimental work on co l l i s ions  between 

ions and neut ra l  atomic systems of i n t e r e s t  t o  aeronomy. 

J. F. Paulson (1) reviewed the  s i t ua t ion  with regard t o  experiments 

at thermal and low energies and the  present author summarized 

experiments where the  r e l a t i v e  energy was su f f i c i en t ly  high t h a t  

ion beam methods were employed ( 2 ) .  A t  t h a t  time the  higher energy 

techniques were well  established and a number of r e s u l t s  had been 

obtained; however, t o  apply the  r e su l t s  t o  problems - of low energies 

extrapolation by ra ther  unreliable means had t o  be employeti. 

only a few cases were thermal and low energy data  avai lable  since 

In 

* the  techniques of experimenting a t  these low energies were i n  a 

very ear ly stage of development. 

The f i v e  years intervening between these symposia has seen the  

s i t ua t ion  reverse i t s e l f .  The development of low energy experimental 

methods has been rapid and the  amount of low energy data on the  

pr inc ipa l  atmospheric species i s  now qui te  large.  To.an ever-increasing 

extent t he  ro l e  of t he  higher energy experiments i s  t o  examine d e t a i l s  

of reactions i n  order t o  b e t t e r  i n t e rp re t  t he  lower energy r e s u l t s  

as they app2.y t o  t h e  atmosphere and t o  discover processes deserving 

of a t ten t ion  i n  thermal energy experiments. 

Accordingly it i s  appropriate here t o  review the  pr inc ipa l  
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laboratory methods now i n  use t o  obtain thermal energy da ta  on t o t a l  

cross sections and react ion rate coef f ic ien ts  f o r  ion-neutral 

react ions,  t o  examine b r i e f l y  t h e  modifications of these methods 

and a l t e rna t ive  methods by which the  e f f ec t s  of increased k ine t i c  

energy and reac tan ts  being i n  exci ted s t a t e s  are assessed and t o  

discuss t h e  ways i n  which higher energy experiments contribute 

addi t ional  knowledge. 

I n  the  i n t e r e s t s  of brev i ty  t h e  e n t i r e  f i e l d  of very high energy 

( i . e . ,  1 kev and up) processes w i l l  be omitted i n  t h i s  review despi te  

t h e i r  importance t o  cer ta in  atmospheric phenomena. 

involving pos i t ive  ions w i l l  be considered here ,  since negative ion 

Only reactions 

- 

reactions are being t r ea t ed  i n  a separate review by E. E. Ferguson ( 3 ) .  

Only casual treatment of methods which were described i n  the  

r ev iem (1 and 2)  if *' uit: - 1963 symposium w i i i  be made here,  t he  

reader being re fer red  t o  these ear l ier  papers; emphasis w i l l  be placed 

instead on some of the  more important newer developments. Lastly,  

no attempt w i l l  be  made t o  present a complete compendium of react ion 

rate coeff ic ient  r e s u l t s ;  instead a summary of-only those react ion 

rate coef f ic ien ts  most commonly used i n  chemical aeronomy at  low 

energies is  given. 

11. Information Needs and Czp,Si l i t i es  

The la rge  bulk of' information of present i n t e r e s t  t o  aeronomy i s  
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l imited t o  very low k ine t i c  energies,  i .e . ,  i n  t h e  energy range from 

about 0.015 ev t o  about 0.15 ev, f o r  t h i s  i s  t h e  range of temperatures 

i n  the  ambient na tu ra l  atmospheres of t he  ear th  and neighboring planets .  

While a t ten t ion  has been focussed i n i t i a l l y  on those atmospheric species 

which are t h e  major const i tuents  i n  the  atmospheres, i .e . ,  N2¶ O2 and 

0, it has become increasingly evident t h a t  major aeronomic e f fec ts  

3' involving ions arise through minor atmospheric components such as 0 

NO, OH; CO2) H e  and H. 

the  D-region by Narcis i  and h i s  collaborators ( 4 )  has dramatically 

Additionally, mass spectrometric sampling of 

introduced an i n t e r e s t  i n  react ions involving metals and other  

materials presumably of m6teori t ic  or igin.  - 

While the  catalogue of chemical species of i n t e r e s t  has increased, 

the  need f o r  de ta i led  information about t h e  ro l e  of excited s t a t e s  of 

resc'cari-ts has also become apparent. I n  several  instances it has been 

found i n  the  laboratory t h a t  cross sections and r a t e  coef f ic ien ts  

depend very st rongly on t h e  i n t e r n a l  energy of one or both reactants.  

The importance of excited s t a t e s  i n  the  normal atmosphere has not been 

w e l l  assessed as y e t ,  bu t  i n  rather spec ia l  circumstances of a 

disturbed atmosphere, t he  e f f e c t s  of i n t e rna l  energy of reactants  

appear exceedingly important. 

I n  general  t h e  information sought f o r  low energy aeronomj i s  

t o t a l  cross sect ion or  reaction rate coeff ic ient  da ta  and most 

experiments are d i rec ted  a t  obtaining t h i s  type of info=-ation. 

processes of i n t e r e s t  t h a t  involve pos i t ive  ions are (a) charge 

The 
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9 t r ans fe r ,  e.g., A' d. BC -). A i- BC , and ( b )  ion-molecule react ions 

(or .ion-atom interchange) , e.g. ,  A f + 
f BC + AB f C , t he  d i s t inc t ion  

between t h e  two being whether t h e  chemical i d e n t i t y  of t h e  reac tan ts  

is preserved or a l t e r e d  i n  the  co l l i s ion .  

good on laboratory experimental grounds, s ince  the  ion ic  products 

can be unequivocally determined by using mass spectrometry, t he  

d i s t inc t ion  physical ly  i s  l e s s  c l ea r .  While charge t r a n s f e r ,  f o r  

example, can proceed by simple electron t r a n s f e r  as i n  t h e  case a t  

high energies,  low energy charge t r a n s f e r  products can also be 

While these names a re  

formed i n  one of t h e  decay channels of a t r a n s i t o r y  complex ion,  

(ABC+)'. Since ion-molecGle react ions a re  normally _envisaged as 

proceeding through such a complex ion,  some and probably most 

thermal energy charge t r a n s f e r  react ions a r e  more nearly similar t o  

ion-molecule.reactions than  t o  simple e lec t ron  t r a n s f e r  processes. 

I n  simple e lec t ron  t r a n s f e r  between systems of t he  same 

ioniza t ion  po ten t i a l  (resonant charge t r a n s f e r )  t he  energy dependence 

of t h e  t o t a l  cross sec t ion  is  given by 

[ l l  Q = (A - B log E)* 

where A and B a re  constants.  When the  process i s  endothermic t h i s  

dependence i s  found at  high energies but as the  energy i s  reduced the  

cross sec t ion  reaches a maximum a t  a r e l a t i v e  veloci ty  vm 2 alAEl/h 

where AE is the  energy defect  and a i s  a length of atomic 6imerisions. 

A t  lower energies the  cross sec t ion  diminishes t o  zero at threshold 
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. energy i n  t he  center  of mass coordinates ( see  f o r  example Ref. 5 ) .  

For exothermic processes t h e  simple electron t r a n s f e r  cross 

sec t ion  is  expected t o  behwe s imi la r ly ,  t o  t h e  endothermic case, 

where AE is  now the. excess energy i n  the  process. However, i n  

cases involving molecules o r  molecular ions the  products can be 

lef t  i n  exci ted s t a t e s  thus leaving AE e f fec t ive ly  zero. In  such 

cases of "accidental  resonance" charge t r a n s f e r ,  Eq. [ 13 again 

describes the  dependence of t he  cross sec t ion  on energy. 

The usual model taken f o r  ion-molecule reac t ion  co l l i s ions  i s  

t h a t  a c o l l i s i o n  complex i s  formed, and r ed i s t r ibu t ion  of t h e  

atoms within t h i s  complex occurs. I n  the  case of io-n-molecule 

react ions the  mechanism of complex formation i s  t h a t  an incoming 

ion induces an e l e c t r i c  dipole moment i n  a neu t r a l ,  and the  

charge-induced-dipole force a t t r a c t s  t he  two together.  If t h e  

i n i t i a l  impact parameter i s  above a c r i t i c a l  amount depending on 

t h e  r e l a t i v e  ve loc i ty ,  the  ion w i l l  be def lected s l i g h t l y  but  

probably no reac t ion  w i l l  occur; i f  smaller than t h i s  c r i t i c a l  

amount, t h e  two p a r t i c l e s  o r b i t  around each other  and come closer  

t o  where react ion can occur. *The cross sec t ion  f o r  forming an 

o rb i t i ng  complex w a s  given by Langevin as 

Q(v) = 2 e 

where a i s  t h e  p o l a r i z a b i l i t y  of t h e  neut ra l  and p t he  reduced mass. 
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Gioumousis 

es tabl ished experimentally t h a t  f o r  many ion-molecule react ions 

and Stevenson (6)  and Fie ld ,  Franklin and Lampe (7 )  have 

Eq. 121 does descr ibe t h e  cross sec t ions  at  energies of a few ev 

and l e s s .  In  some cases the  inverse veloci ty  dependence i s  observed 

‘but  t he  absolute magnitude of a cross sec t ion  i s  l e s s  than t h a t  

predicted.  I n  these  cases ,  one recognizes t h a t  a c o l l i s i o n  complex 

can decay through various channels leading t o  new ionic  products, 

t o  charge t r a n s f e r  and a l s o  t o  no’ change i n  products ( i . e . ,  s ca t t e r ing ) ,  

and tha t  t h e  probabi l i ty  of decaying by any one channel w i l l  determine 

t h e  cross sec t ion  f o r  t h a t  one process. 

It is of i n t e r e s t  to -note  t h a t  f o r  processes described by Eq. [2], 

t h e  r a t e  coe f f i c i en t ,  

[ 31 k = {Q(v)vf(v)dv 

where f ( v )  i s  t h e  normalized ve loc i ty  d i s t r ibu t ion  function, is  

independent of any o ther  parameters t h a t  might appear i n  f ( v ) ;  most 

notably it i s  independent of t h e  temperature i n  the  case of a 

Maxwell-Bolt zmann d i s t r ibu t ion .  

The two energy dependences given i n  Eqs. [l] and [ 2 ]  a r e  of ten 

used i n  extrapolat ion of high energy da ta  t o  thermal energies,  when 

it can be es tab l i shed  t h a t  one o r  t he  other  i s  va l id  at higher 

energies,  and t h i s  procedure has usually given f a i r l y  good estimates 

of r a t e  coef f ic ien ts  which have later been determfned at very 1 - o ~  

energies 
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In  some cases it agpears t h a t  charge transfe 'r  can proceed by 

both simple e l ec t ron  t r a n s f e r  and by complex formation, as evidenced 

by ve loc i ty  dependences given by Eq. [l] at higher energies and by 

Eq. [2 ]  at modtera-be energies,  

important reac t ion  0 + N2 + NOf 9 H, nei ther  Eq. [l] nor Eq. [2 ]  

even crudely descr ibes  the  experimental r e s u l t s .  

I n  some cases ,  most notably t h e  

+ 

It has already been pointed out tha t  where a charge t r a n s f e r  

process is  exothermic it can s t i l l  display an energy dependence 

corresponding t o  one of resonance charge t r a n s f e r ,  i .e. , Eq. [11. 

This i s  usual ly  taken t o  imply t h a t  t he  excess energy has been l e f t  

as i n t e r n a l  exc i t a t ion  i n  t h e  products. O f  course t h e  p o s s i b i l i t y  

t h a t  a product of an ion-molecule rea,ction is l e f t  i n  an in t e rna l ly  

exci ted state is  a l s o  present .  Such products can r ad ia t e  or  

d i ssoc ia te ,  o r ,  i f  metastable, remain t o  p a r t i c i p a t e  i n  fu ture  

react ions.  The  last p o s s i b i l i t y  is one of t h e  reasons f o r  studying 

the  r o l e  of i n t e r n a l  energy i n  aeronomic react ions even i n  t h e  

mbien t  atmosphere and t h e  first two p o s s i b i l i t i e s  provide addi t ional  

laboratory methods of studying react ions.  

At higher energies ,  other  two-body co l l i s ions  processes occur. 

These include d i r e c t  exc i ta t ion  and/or d i ssoc ia t ion  of e i t h e r  of the 

reac tan ts ,  ion iza t ion  of t he  t a r g e t  neut ra l ,  and removal of addi t iona l  

e lectrons from t h e  incident  ion,  i n  addi t ion t o  charge t r ans fe r .  I n  

general  t h e  formation of c o l l i s i o n  complexes i s  a 1017 er?er.gy phenomenon 

and Eq. 121 fa i ls  at  ion energies of t he  order of t e n s  of ev,  with 

\- __ 
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t he  cross  sec t ion  for  ion-molecule react ions f a l l i n g  of f  much more 

rapidly as t h e  energy i s  increased. 

The p r inc ipa l  three-body thermal energy process of i n t e r e s t  t o  

aeronomy is  c lus t e r ing ,  i .e . ,  t he  addi t ion of neut ra l  lnolecttles t o  

ex i s t ing  ions. 

t o  ions i s  p a r t i c u l a r l y  noteworthy i n  the  D-region, 

The case of c lus te r ing  of one or more water molecules 

111. Labdratory Methods 

* '  

The laboratory methods i n  use f o r  the  measurement of t o t a l  

cross sect ions and reac t ion  r a t e s  for processes involving pos i t ive  

ions and neut ra l s  can be grouped on the  b a s i s  of t he  energy range 

i n  which they work. The p r inc ipa l  general  methods a r e  

1. Thermal energy methods. (0.008 - 0.05 ev)  

a. Mass Spectrometry of Stat ionary Afterglows 

b. Mass Spectrometry of Flowing Afterglows 

c. Ion Cyclotron Resonance Methods 

2. Thermal t o  medium energies.  (0.025 - 10 ev)  

a. Secondary Ions i n  Mass Spectrometer Sources 

b. Pulsed Sources on Mass Spectrometers 

c ,  D r l f %  Tube Methods 

d. Merging Beam Methods 
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- 
w i l l  be discussed i n  some d e t a i l .  The th ree  new methods a re  

flowing afterglows (lb) , ion cyclotron resonance (IC 1 and merging 

1. Themal  Energy Methods. 

a. Mass Spectrometry of  Stat ionary Afterglows Mass 

spectrometrjr’ of s t a t iona ry  afterglows w a s  used severa l  years ago 

t o  provide t h e  earliest information on charge t r ans fe r  and ion-molecule 

react ions of  major importance t o  aeronomy. 

of gases i n  widely d ispara te  amounts a re  subjected t o  a pulse of 

exc i t a t ion  t h a t  produces primary ions from the  o r ig ina l  gases i n  

I n  t h i s  method a mixture 



is made that the ion currents.rse proportional to the nwlber 

densities of the ions in the vicinity of the aperture and the time 

history of each ion is taken to represent the time history of the 

number density of each ion, from which a rate coefficient may be 

deduced if one also knows the partial pressures of the neutrals in 

the afterglow chamber. 

and his associates (8 and ll), Hasted and his collaborators ( 9 )  and 

Such experiments were performed by Sayers 

by Fite et af (IO), and are described in Ref.. 1. 

In the past five years, the principal work done with stationary 

afterglows has been to take advantage of the small volumes involved 

which makes rather easy tfie variation of temperature and the study 

of tempera<iu.e dependences of ion-neutral reaction processes. 

and Smith (11) studied the temperature dependence of 0 

finding a rate "ciia-t; diminished with temperature which has subsequentiy 

been determined by Smith and Fouracre (12) to vary as T 

.. 

Sayers 
+ + + O2 -f 0 i- O2 , 

-0.48(*. 0 5 )  

up to about 6 0 0 O ~ ,  in opposition to temperature independence expected 

on the basis of Langevin collisions. 

with a stationary afterglow experiment result of Nakshbandi and 

Hasted (13) and a flowing afterglow experiment of Dunkin et a1 (14). 

This result is in good agreement 

At temperatures higher tha,n 6 0 0 ~ ~  the rate coefficients as determined 

in a drift tube experiment of Rohrne et a1 (15) and a secondary ion 

mass spectrometer exyeriment of Warncck (16) appear to be effectively 

temperature-independent u~ to several thousmd degrees, i.e.,,in 

accord with the orbiting collision model (Eqs .  { 2 ]  and 131) and then 
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appear t o  increase with energy (IS). 

The f a c t  t h a t  more has not been done with s ta t ionary  afterglow 

mass spectrometry is  due t o  two bas ic  l imi ta t ions  of t h e  general 

method. F i r s t  t h e  gases admitted t o  the afterglow chamber must be 

chemically s t ab le  and second, a l l  gases are subjected t o  the exci ta t ion 

pulse. 

excite a neut ra l  gas,  one i s  r a re ly  completely cer ta in  t h a t  an 

observed react ion process is  occurring with a groundstate molecule 

of t h e  neutral  gas put i n t o  t h e  chamber nor cer ta in  of t h e  s ta te  

of the  ion. 

in te rpre ta t ion  of an expeGimenta1 r e su l t .  

Since t h e  exc i ta t ion  pulse can p a r t i a l l y  d issoc ia te  and 

One must work very hard t o  ensure an unambiguous 

- 

These t w o  bas i c  problems have been largely a l lev ia ted  i n  the  

flowing afterglow approach. 

b. Mass Spectrometry of Flowing Afterglows. In  the  flowing 

afterglow technique which w a s  developed and very successfully used 

by E. E. Ferguson, F. C. Fehsenfeld and A. L. Schmeltekopf and t h e i r  

collaborxtors (17) at t h e  Environmental Sciences Services Administration 

laborator ies  i n  Boulder, Colorado, the  var ia t ion of ion concentrations 

with t i m e  of t he  s ta t ionary  afterglow approach i s  replaced by 

var ia t ion  of ion concentrations with space as an afterglow f l o w s  

rapidly down a tube. While t h i s  i n  itself o f f e r s  no advan-Lages, 

t he  method does represent a major s tep  forward i n  'chat it permlks 

in jec t ion  of gases i n t o  t h e  flow stream without t h e i r  being subjected 

to' t h e  exc i ta t ion  mechanism making t h e  primary ions and a l l  t h a t  this 

implies 
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I n  a typ ica l  experiment a buf fer  gas (usually helium) i s  

admitted t o  the  entrance end of t h e  flow tube and subjected t o  

e lectron impact bombardment or microwave power or some other means 

of producing ions. S l igh t ly  downstream, a primary gas i s  injected 

i n t o  the  stream and charge t r ans fe r  and Penning ionizat ion operate 

t o  replace the  helium ions by primary ions from the  in jec ted  gas. 

Y e t  fu r ther  downstream, a secondary gas i s  injected whose reactions 

with the  primary ions are t o  be studied. F ina l ly  at  t h e  end of t h e  

flow tube the  ions present are sampled - by being taken i n t o  a 

d i f f e r e n t i a l l y  pumped mass spectrometer through an aperture normally 

on the  axis of the  flow t;be. 

tube lengths are normaliy about 1 meter and t h e  gas pressure (being 

made up almost e n t i r e l y  of buf fer  gas p a r t i a l  pressure) range are 

,. 

4 Typical flow speeds are LO cm/sec, 

generally between 0 .1  and 1 t o r r .  The quantity of buf fer  gas 

handled i s  qui te  la rge  and fast Roots pumps are used t o  maintain 

t h e  flow and t o  exhaust the  gas a f t e r  the flow has passed the  mass 

spectrometric sampling device. 

A s  noted above, the  advantage of t h i s  approach i s  t h a t  secondary 

gases are in jec ted  i n t o  the  stream beloir t he  point where buffer  gas 

ions and primary ions are made, thereby obviating questions of t h e  

uncontrolled production of exci ted states of the neut ra l  reac tan ts ,  

questions which plague s ta t ionary  afterglow experiments. Additional 

major advantages are t h a t  (1) the  neut ra l  gases need not be chen1icail.y 

s t ab le  but  can be e i t h e r  p a r t i a l l y  dissociated,  o r  put i n t o  some excited 
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but  t h e  pulsed mode of exc i t a i ion  can a l s o  be employed t o  advantage. 

The f l e x i b i l i t y  afforded by being able separately t o  control  so 

many of t h e  parameters i n  flowing afterglow experiments is enormously 

grea te r  than t h a t  ava i lab le  i n  s ta t ionary  afterglow experiments, and 

the  flowing afterglow method has now become t h e  standard way of 

studying thermal ion-neutral  react ions.  

It would be misleading t o  suggest t h a t  t he  in t e rp re t a t ion  of 

flowing afterglow experiments i s  not without i t s  problems. Some 

of these problems o r ig ina t e  from the  use of a flow system, and it 

i s  appropriate t o  consider t h e  model of what takes  place i n  the  

flowing afterglow. The flux of primary ions,  S1,-is presumed t o  be 

given by 



and v i s  the  vector  ve loc i ty  of t h e  stream which i s  determined by 

the  hydrodynamics of tfie flow. Applying cont inui ty  i n  the  steady 

state one can w r i t e  down 

[ 5 1  V S1 = -M1n2-i~2BiniNl-alneN1+Ylnl 

where t h e  first t e r m  represents  t he  loss  of primary ions due t o  the  

2' reac t ion  of i n t e r e s t  with a neu t r a l  gas whose number densi ty  is n 

the  second t e r m  represents  loss of p r h a r y  ions due t o  other  competing 

processes, t he  t h i r d  term i s  t h e  loss  due t o  electron-ion recombination 

(and a similar term could be wr i t t en  down f o r  ion-ion mutual 

neu t r a l i za t ion )  znd t h e  fourth term represents  t h e  production of 

primary ions by Penning ion iza t ion  by He 
* 

and other  processes. 

Combining these  equations 

2 [63 (f V)N1 = -kn N - Cf3 n I? - 01 n N + yn + D V N1 
2 1  i i l  l e 1  1 1  

The corresponding equation f o r  a secondary ion formed as a product of 

t he  reac t ion  between N and n is  1 2 

($ * V)N2 = +kn2Nl.- C6 n 11 - c1 n N + j j 2  2 e 2  

2 + C E . ~  N + D V N2 + y2n2 
3 2 5  2 

where the  first t e r m  represents  t'ne process of i n t e r e s t ,  the  second 

term losses oL" secondary ions i n  t e r t i a r y  processess the  t h i r d  term 

again recombination, t h e  fourth term production of secondary ions i n  
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reactions with ions other than the desired primary, the fifth term 

the ambipolar diffusion losses, and the sixth term production of 

ions by Penning ionization, etc. 

The number density of the secondary gas(es) are themselves 

solutions of diffusion equations of the type 

3 2 .  (v  6 V)nZ = D V n2 n 

subject to the boundary conditions and whatever initial conditions 

are appropriate to the chosen manner of injection. 

The complexity of using these three equations and treating them 

properly is staggering. However, one can manipulate the experimental 

conditions to simplify the problem somewhat by minimizing the 

contributions of separate terms. For example, by using sufficiently 

low plasma dtnsities the recombination terms can be neglected; 

Penning ionization by He 
yz 
as an unwanted source of primary or  

secondary ions can be excluded by admixing a small amount of Argon 

to the Helium buffer gas to quench the He ; using clean gases and 
% 

controlling the mezns of production of chemically unstable neutral 

reactant species can minimize competing processes terms, etc. 

Indeed, much of the success of the ESSA group in using these 

experiments is due to their ingenuity in finding ways to manipulate 

gases and experimental parameters in order to display the process 

of interest. 

.There are additional problems however, QJestions of mixing of . 



an in j ec t ed  reac tan t  gas with t h e  flow s t r e m  enter  and are important 

espec ia l ly  at  t h e  high 'flow ve loc i t i e s  used; the  form of f i s  important 

and although indicat ions a re  t h a t  Laminar viscous (Poiseui l le  1 flow 

is operative over most of t h e  length of most flow tubes,  one does not 

know v i n  t he  v i c i n i t y  of obstruct ions such as nozzles where the  

reac tan t  gases a re  in jec ted .  The f a c t  t h a t  a pressure gradient along 

the tube i s  necessary t o  maintain the  flow m r t h e r  complicates matters.  

However, even under " idea l  circumstances", i .e.  , no competing 

I n  

- 

3 

~hrocesses and Poiseui l le  flow, t h e  s i t u a t i o n  i s  s t i l l  not easy. 
.* 

t h e  cy l ind r i ca l ly  symmetric case,  t he  equations become 

where each D is  a function of pos i t ion  due t o  the  pressure gradient 

down the  tube. 

It is  apparent t h a t  these th ree  equations cannot be sol-vcd by 

separation of the  variables due t o  the  payabolic f lov  profile, and 

fu r the r  approximations must be introduced. One of the  simplest 
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approximations assumes t h a t  II. 

is d i s t r ibu ted  uniformly), t h a t  N 

i s  eonstant ( i  ,e  e , t he  neut ra l  reectan-b 2 

i s  i n i t i a l l y  a function of z only 1 

and independent of t h e  radius  r, and t h a t  t h e  flow i s  "slug flow", 

i .e. ,  t h a t  v = vo and i s  independent of r. 

simplifyifig assumptions, N ( z )  i s  given by 

Under these extreme 

1 

after su f f i c i en t  t i m e  (dis tance)  has elapsed for  t he  flow t o  s e t t l e  

i n t o  t h e  lowest r a d i a l  diffusion mode, f o r  which the  diffusion 

length i s  A ,  and where f is a Bessel function. Clearly,  by varying 
- 

n 

of t h e  rate coef f ic ien t ,  k. 

and p lo t t i ng  PIl on a semi-log p l o t ,  the  slope &ves an indicat ion 2 

This method of observing primary ion 

decay: after approximake correct.bons f o r  p a r z b d i c  f l m  i s  t h a t  

normally employed by t h e  ESSA group and has the  advantage t h a t  by 

holding t h e  geometry constant and s p a t i a l  parameters i n  Eq. [g ]  are 

unchanged which a l s o  has the  experimental advantage of making 

unnecessary the  moving of sources of e i t h e r  t he  primary ions or  

t h e  secondary gases. 

It i s  t o  be pointed out ,  however, t h a t  i f  the ziibipolar diffusion 

coef f ic ien t  i s  dependent on n t h i s  procedure can lead t o  erroneous 

results. Since ambipolar diffusion coef f ic ien ts  do change with 

re la t ive  concentrations i n  an ion mixture and since the  ion concentra- 

t i ons  are dependent on n2 through the  react ion,  it would be expected 

2 

2' 
t h a t  t he  ambipolar diffusion coeff ic ient  would be dependent on n 
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An a l t e rna t ive  procedure i n  data treatment can be m e d  t o  

minimize macroscopic e f f ec t s  of t h i s  kind (and a l s o  competing 

process e f f e c t s ) .  If one defines a r a t i o ,  R = N /N Eqs. [ 6 ' ]  and 

[7' ] can be combined t o  give 

2 1' 

which i n  t h e  l i m i t  of small R gives 

v-- aR - kn2(1 + R )  az 

and which can be solved along t h e  z-axis t o  give 

I n  t h i s  approach, even i f  n 

a l l  t h a t  i s  needed i n  order t o  perform the in tegra l .  

i s  not uniform, solut ion of Eq. [8] i s  2 

This "ratio.method" which w a s  used by Farragher e t  a1 (18) i n  

studying charge t r a n s f e r  between atmospheric ions and sodium atoms, 

has t h e  disadvantage t h a t  one must know t h e  detection eff ic iency f o r  

t h e  primary and secondary ions. 

t h e  mass spectrometer o r  differences i n  secondary emission coef f ic ien t  

at  t h e  electron mc l t ip l i e r  detector ,  these must be corrected f o r  

before cor rec t  answers can be hoped for .  

If there  i s  mass discrimination i n  

A t h i r d  method f o r  analyzing data  i s - t o  treat the  appearance of 
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t h e  secondary ions. Like the  decay of t he  primary ion method, it 

observes a s ingle  ion and therefore  i s  not susceptible t o  mass 

discrimination e f f ec t s .  

analogous t o  t h a t  used f o r  Eq. [ 6 ' ]  i n  deriving Eq. [91. I n  an 

T h i s  method handles Eq, [ 7 '  j i n  a manner 

analogous manner, problems of changing diffusion coef f ic ien ts  and 

other macroscopic e f f ec t s  t h a t  depend on n2 can again lead t o  erroneous 

results. 

The complexity of . .  . properly . , .  t r ea t ing  t h e  physics i n  flowing 

af-berglows is evident from the  above discussion. There a re ,  of 

course, other problems which are shared with s ta t ionary afterglow 

methods which have not redeived de ta i led  consideration as ye t .  In  

pa r t i cu la r  the  processes by which ions emerge through apertures is  

not at  a l l  well understood. The prac t ice  of biassing an ion extract ion 

aperture  which i s  of ten done t o  improve s igna l  strengths suggests 

t h a t  t h e  ion extract ion process i s  mobility l imited.  There i s  some 

evidence suggesting t h a t  t he  existence of negative ions i n  t h e  plasma 

a f f e c t s  pos i t ive  ion extract ion ( 1 9 )  and varying an added electronegative 

reactant  gas may lead t o  spurious r e su l t s  using t h e  primary ion decay 

method. There is a free j e t  expansion as t h e  gas leaves the  flow 

tube and enters  t h e  mass spectrometer's high va,cuum; the  extent t o  

which a l t e r ing  gases a f f ec t s  t h i s  expansion and i n  turn  the  ion 

extract ion has not been investigated.  

I n  general ,  it seems appropriate t o  caution any user of rate 

coef f ic ien ts  obtained from flowing af te rg1 .0~ experiments t h a t  e r rors  

21 



s t i l l  be i n  

TO tu rn  t o  t h e  pos i t i ve  aspects of flow'ing afterglow experiments 

perhaps t h e  b e s t  testament t o ' t h e  f ru i t fu lness  of t he  approach i s  

t h e  l i s t  of reac t ions  at  Yne end of t h i s  paper whose r a t e  coef f ic ien ts  

have been obtained by no o ther  method. Two experiments a re  

appropriate t o  recount here  i n  t h e  t e x t  as well .  "he first studied 
+ 

react ions of N 

been p a r t i a l l y  d issoc ia ted  i n  a separate  discharge flowed through 

a s i d e  tube toward the  flowing afterglow containing N ions,  Before 

admission t o  t h e  flow, NO w a s  added i n  the  s ide  tube and the  t i t r a t i o n  

reac t ion  NO + I? 3 N2 -+ 0 produced oxygen atoms at  t h e  r a t e  of one 0 

for each NO added. Since t h e  flow r a t e  of NO could be measured, t h e  

+ 0. ( 2 0 )  I n  t h i s  study nitrogen gas t h a t  had 2 

+ 
2 

flow of 0 i n t o  t h e  aflerglow w a s  known and the  experiment could 

proceed i n  a f a i r l y  conventional way. 

The second p a r t i c u l a r l y  in t e re s t ing  experiment involved the  

values of which had been 

m one. invest igator  t o  

lows, The problem vas 



t raced  down i n  the  experiment of Schmeltelropf e t  a1 (21) who excited 

the .n i t rogen  i n  a separate  gas discharge before admission t o  the  

f l o w  tube. 

t o  rad ia t ing  s t a t e s  End from t h e  v ibra t iona l  temperature of the  

emitted rad ia t ion  the v ibra t iona l  temperature of the  o r ig ina l  

The exci ted neut ra l  gas w a s  then electron-impact excited 

exci ted N gas w a s  deduced. The remarkable finding w a s  t h a t  as t?he 2 

vibra t iona l  temperature was increased the  rate coef f ic ien t  was incre.ased 

enormously. Evidently the  s c a t t e r  i n  da ta  from other experiments on 

t h i s  react ion arose from d i f f e ren t  experiments having nitrogen whose 

v ibra t iona l  states were populated d i f fe ren t ly  and the  lowest value 

+ 
w a s  t h e  bes t .  This 0 .t N react ion has the  strongest dependence 

on t he  in t e rna l  energy s t a t e  of t h e  neut ra l  reactant  knolm so far. 

The f a c t  t h a t  the  process i s  a l so  of unusual importance t o  aeronomy 

emphasizes the  importance of excited s t a t e s  i n  understanding the  

2 

upper atmosphere. 

e. Ion Cyclotron Resonance Methods, Many of t he  uncertaint ies  

i n  the  afterglow methods discussed above arise from lack of understanding 

of how ions emerge through apertures.  Clearly these problems could be 

avoided i f  t h e  r a t e s  of change of ion population could be determined 

while t he  ions were i n  the  flow: tube. A very a t t r a c t i v e  method by 

which t h i s  can be done i s  t h e  use of ion cyclotron resonance. 

I n  t h i s  method a magnetic f i e l d  i s  put on the  afterglow so t'nat 

each ion follows a c i r cu la r  motion at t h e  ion cyclotron resonance 

frequency, 
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where B i s  t h e  magnetic induction, e i s  t h e  charge, c is t h e  

ve loc i ty  of l i g h t ,  and rn is  the  ion nass. Obviously ions of 

d i f f e ren t  e / m  w i l l  have d i f f e ren t  cyclotron energies. If a weak 

rad io  frequency e l e c t r i c  f i e l d  a t  t h e  cyclotron frequency is  a l so  

appl ied,  an ion w i l l  pick up energy from t h e  f i e l d  and t h i s  energy 

absorption can be detected as a load on t h e  rf o s c i l l a t o r .  By 

sweeping e i t h e r  t h e  magnetic f i e l d  o r  t h e  o s c i l l a t o r  frequency, 

t h e  appearance of loading on a marginal o s c i l l a t o r  evidences t h e  

presence of each ion and t h e  s t rength  of t h e  loading gives an 

ind ica t ion  of the  number of ions present.  By following t h e  r i s e  

and decay rate of various ions one has the  information from which 

reac t ion  rate coef f ic ien ts  can be deduced. 

This very a t t r a c t i v e  approach w a s  first employed t o  study 

mobi l i t i es  and t o t a l  co l l i s ion  cross sect ions of ions by Wobschall, 

Graham and Malone ( 2 2 ) ,  where t h e  cross sect ion information could 

be deduced from l i n e  widths of t h e  resonance absorption l i nes .  

More recent ly  it has been applied t o  charge t r ans fe r  and ion-molecule 

react ions by Baldeschweiler and h i s  associates  (23) i n  nitrogen- 

hydrocarbon systems, which, unfortunately,  a r e  not of very great  

i n t e r e s t  t o  aeronomy. It w i l l  be important t o  receive data on 

atmospheric react ions using ion cyclotron resonance i n  t h e  fy ture ,  

both for  what it can add i n  t h e  W ~ Y  of new in fomat ion  and f o r  
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what it w i l l  cor;tribute t o  mderstanding of present aftergfov data.  

a. Secondary Ions i n  Mass Spectrometer Sources. This 

metlnod needs l i t t l e  Giscussion here ,  having been t r ea t ed  i n  Ref. 1. 

However an important nev advance has been applied t o  t h i s  approach 

by t h e  use of photoionization sources f o r  t h e  primary ions. By 

using l i g h t  of a given wave length,  the  primary ions can be much 

more se lec t ive ly  produced than on electron impact and production 

o f ’ ions  i n  spec i f i c  i n i t i a l  states is  possible.  Warneck (16) has 

been foremost i n  applying t h i s  important modification of an older 

method t o  prohlems o f  aeronomical i n t e r e s t .  

b, Pulsed Sources on Mass Spectrometers. See R e f .  1. 

c a  O r l f t  T-&e Methcds. In  d r i f t  t ~ b c  mc-thcds, p3~zi.r~- 

ions are created a t  one end of a tube along the  length which a dc 

electric f i e l d  exists. A primary ion assumes a veloci ty  appropriate 

t o  i t s  mobility a t  t h e  gas pressure i n  the  tube and fo r  t he  

applied e l e c t r i c  f i e l d .  

temperature of t h e  in te rac tan ts  without appreciably a l t e r ing  the  

in t e rna l  energy s t a t e s  populations. A mass spectrometer usually 

samples the  ions emerging from the  d r i f t  tube which contains a 

One ef fec t ive ly  increases t h e  k ine t i c  

buffer  gas and the  reactant  gas of i n t e re s t .  

Three recent  d r i f t  tube experiments a re  noteworthy. I n  the  

first,  Hasted and h i s  associates  ( 1 5  and 21:) chmged the  primary 
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ion  source t o  be  oae which i s  mass snalyzed and could be made s t a t e  

s e l e c t i v e  as well .  Although the ion en ters  a t  r e l a t i v e l y  high 

energy ( tens  t o  hundreds of ev) it i s  rap id ly  moderated dawn i n  

enera-  t o  t h e  steady d r i f t  value. 

i n t o  %he d r i f t  tube,  ma3y of t he  m5igu i t i e s  of i n t e rp re t a t ion  of 

By inse r t ing  a se lec ted  ion 

r e s u l t s  a r e  reduced. 

+ + Using groundstate 0 ions reac t ing  with M t o  produce NO an 2 

energy dependence of t h e  r a t e  coef f ic ien t  Which increased w i t h  

energy w a s  found, t h e  increase being compatible with t h e  increase 

i n  cross sec t ion  f o r  t h i s  react ion as obtained from crossed beam (25)  

and beam-in-static-gas (26 1 experiments. 

rate coef f ic ien t  for  0 

0.5 ev has already been noted e a r l i e r  i n  t h i s  paper. 

The apparent increase i n  

f 3. 
C O2 +- 0 f O2 a t  energies grea te r  than 

A second d r i f t  tube experiment .of i n t e r e s t  w a s  the  c a r e f u l  

+ 
study of  Heimerl, Johnsen and Biondi (27) on react ions between He 

and both N2 and 02, who showed t h a t  over t he  temperature range 

300°K t o  1200°K t he  react ion r a t e  coef f ic ien ts  appear t o  be 

temperature-independent. 

Yet a t h i r d  d r i f t  tube experiment of i n t e r e s t  i s  t h a t  of Golden, 

-?- + 
Sinnott  and Varney (28) who studied the react ion h' 1- O2 3 N2 + o2 2 

and found t h a t  it a l s o  appeared t o  have a temperature-independent 

r a t e  coef f ic ien t  i n  accordance with the  Langevin orb i t ing  complex 

model 
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ci. Merging Beam Techniques. The newest experimental methods 

t o  a r r ive  on t h e  experimental scene i s  a l so  one of t h e  most,elegant 

and promises t o  be extremely useful .  

merging p a r a l l e l  beams, 

This i s  t h e  technique of 

I n  t h i s  method a fast  beam of se lec ted  

ions of mass m a t  laboratory energy E i s  charge-transfer neutral ized 

and i n t o  t h i s  f a s t  beam i s  merged a beam of ions of mass m t r ave l l i ng  

at  laboratory energy E2. 

together a prescribed dis tance ( i . e . ,  t i m e )  t he  ions are separated 

1 1 

.2 

After t he  two merged beams have run along 

out and from t h e  r e l a t i v e  s ignals  of t h e  primary and secondary ions 

t h e  cross sect ion as a function of r e l a t i v e  energy, o r  energy i n  t h e  

center  of mass  system, may be deduced. 

The r e l a t i v e  energy i s  given by 

It is  c l ea r  t h a t  even though t h e  laboratory energies of t h e  beans 

are qui te  high (high enough t o  produce and handle high current beams), 

by adjust ing E 

small. Furthermore t h e  energy spread i n  t h e  center of mass i s  scaled 

and E 1 2 t h e  r e l a t i v e  energy can be made a r b i t r a r i l y  

down from t h e  laboratory energy spread by a f ac to r  comparabie t o  t h e  

r e l a t i v e  energy divided by the  laboratory energy. I n  t h i s  approach 

it i s  not necessary t o  be content t o  measure only rate coef f ic ien ts ,  

bu t  instead cross sect ions as a function of energy as measxred on 



a very f i n e  energy spread sca le  tax? be obtained. 

This method which w a s  f i rs t  described by Tru j i l l o ,  Neynaber, 

Marino and Hothe (29 j  has subsequently been applied by those 

authors t o  the  charge t r ans fe r  between A r  + A r .  O f  more i n t e r e s t  
-t- 

f o r  aeronomy, and a l so  as an i l l u s t r a t i o n  of t he  unique p o t e n t i a l i t i e s  

of t h e  merging beams technique, we can c i t e  t h e  very recent 

experiments of Enteiinann and Rol working i n  Dr. Neynaber's lab who 

examined co l l i s ions  between 0 

Analysis of t he  secondary ions revealed the  appearance of NaO which 

w a s  unequivocally iden t i f i ed ,  and the  cross sect ion f o r  i t s  formation 

corresponded t o  a thermal 'energy rate coeff ic ient  of approximately 

8 x 

afterglow experiments of Farragher e t  a1 ( 2 8 )  but without success 

cue t o  general  noise i n  t h e  experiment. 

+ 
and Na (pr iva te  communication, 1968). 2 I 

+ 

3 
CUI / see .  This product w a s  a l so  sought i n  the flowing 

While merging beam experiments are  d i f f i c u l t  t o  execute because 

of extremely low s igna l  l eve l s ,  they are extremely clean experiments 

and have very f e w  in te rpre ta t iona l  p i t f a l l s .  The beams can be  

produced cleanly and impurity and competing process e f f ec t s  a re  

automatically excluded; the  product ions are unequivocally iden t i f i ed  

and there  i s  no poss ib i l i t y  of confusing d i f f e ren t  ions of t he  
+ 4- 9 + 4- 

same e /m (e.g., H 0 vs. NaJ-?', K vs. NaO , CO vs. N2 , e t c . )  which 
5 2  

can occur i n  afterglow and d r i f t  tube experiments. 
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The merging bean technique appea-rs t o  t h i s  author t o  be 

uniquely able t o  inves t iga te  reactions having small rate coeff ic ients .  

While flowing afterglows appear su i tab le  for determining la rge  

rate coef f ic ien ts ,  when small rate coeff ic ients  are  of i n t e r e s t ,  one 

must be extremely cautious i n  the  flowing afterglow because of 

competing processes, perhaps with unknovn impurit ies,  t o  produce 

the desired secondary ion, a t tack  of t he  secondary ion through 

t e r t i a r y  processes, e t c .  Concerns of t h i s  kind probably need be 

worried about only f o r  processes with apparent rate coef f ic ien ts  

of lo-’’ cm3/sec and less. 

The one present problem with merging beams f o r  ion-neutral 

s tud ies  of t o t a l  cross sections is  t h a t  t h e  neutrals  a re  produced 

by charge t r ans fe r  and one i s  not cer ta in  of t he  in t e rna l  energy 

state population of t h e  neut ra l  beam. 

w i l l  be developed t o  s e l e c t  states,  perhaps such as t h a t  described 

Unquestionably, techniques 

i n  t h e  following sect ion,  and correct  t h i s  present deficiency. 

3. Medium t o  High Energies. 

A t  energies of a f e w  ev and higher it i s  possible t o  

produce ion beams of su f f i c i en t ly  high current t o  perform e i t h e r  

beam-in-static-gas experiments or crossed beam experiments where 

t h e  ion beam in t e r sec t s  a thermal energy molecular t o  atomic beam. 

Such experiments have been discusseil i n  Refs. 1 and 2. 



Recent work along these l i n e s  has continued with a wide var ie ty  

of processes being examined. The rocket observations of Narcisi  ( 4 )  

have prompted crossed beam experiments on react ions producing and 

destroying m e t a l  ions.  Henderson, Mentall and P i t e  (30) examined 

charge transfer between atmospheric ions and sodium and Turner and 

Rutherford (pr iva te  communication, 1968) have made measurements 

+ c ' on production of 14g , C a  , as well  as Ha i n  charge transfer 

react ions between t h e  parent metal atoms and N 

H20 , and H 0 

+ , N', 0 , NO', 
' 3. 

2 ' O2 
+ 9 

t o  supplement a wide var ie ty  of measurements on 3 
atmospheric react ions between normally gaseous components (31). 

Potent ia l ly  t h e  most'important of t h e  recent s tud ies  a t  t h e  

higher energies %re those of Turner, Rutherford and Compton (32) on 

se l ec t ive  absorption of ions i n  beams passing through gases,  f o r  

these point  t h e  way toward production of high currents of ions i n  

spec i f i c  s t a t e s .  A problem t h a t  has always plagued high energy 

experiments (and probably 1017 energy experiments as wel l )  is  t h a t  

it'is d i f f i c u l t  t o  produce ions i n  a s ingle  s t a t e  and t o  knOv t h e  

state population i n  any ion beam. While one can produce t h e  ions 

by e lec t ron  bombardment immediately above threshold and gain reasonable , 

assurance f o r  most ions t h a t  only the  groundstate ion  i s  being 

prod.uced, t h e  ion currents  so produced a re  of ten impossibly l o w .  

Turner a,nd h i s  associates  took the  approach t o  pi-oduce ions i n  an 
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electron bombardment source a-b high electron. energies where the  

beam current was high,-  and then passed t h e  current  through an 

absorbing gas. Those ions i n  s t a t e s  with high cross sect ions f o r  

charge t r a n s f e r  o r  ion-molecule react ions w i l l  i n t e r a c t  with the  

absorbing gas arid be  g rea t ly  attenuated, while those with low 

cross sect ions w i l l  be la rge ly  transmitted.  Experimenting with 

4- + 
0 and O2 passing through 1'J A r  and H and looking a t  t he  2' 2 

transmitted current  as a function of absorbing gas pressure,  it 

was found t h a t  two c l e a r l y  defined s t r a i g h t  l i n e  sect ions on a 

semi-log p l o t  appeared, demonstrating the  exis tence.of  a t  l e a s t  

two separate  cross  s e c t i o k  f o r  reac t ion  f o r  t h e  ions i n  the  beam. 

By reducing t h e  e lec t ron  energy t o  j u s t  above threshold,  a s ing le  

s t r a i g h t  l i n e  appeared on t h e  semi-log p l o t  which was associated 

with the  groundstate ion cross sect ion.  Comparing the  semi-log 

p l o t s ,  one can deduce (a) t h e  f r ac t ion  of ions i n  t h e  beam which 

a r e  exci ted when using the  high electron energies (b )  the  cross 

sec t ion  f o r  t h e  exci ted s t a t e s  reac t ing  with the  absorbing gas 

and ( c )  t he  cross sec t ion  f o r  t h e  ground s t a t e  reac t ion  with the  

absorber. Among o ther  th ings ,  it vas learned t h a t  e lectron 

bombardment a t  energies typ ica l ly  used i n  ion sources produce 

+ 4 22 t o  33% of the  O2 ions i n  t h e  metastable II s t a t e  and 
U 

0 2 27 t o  30% of t h e  0 kppzars to 3e i n  t h e  D metastable s t a t e .  

The  cross sec t ions  a re  s u f f i c i e n t l y  dll'fererrL i n  thess ctisea 

t h a t  with an absorber gas, t h e  exci ted s t a t e s  can be v i r t b s l l y  
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completely removed while a t tenuat ing the  groundstate ion component 

by a f ac to r  of only ahout 3 t o  5. 

improvement i n  ion currents over sources operating immediately 

above threshold i n  order t o  prcsuce t h e  groundstate ion. 

This can give an appreciable 

The p o t e n t i a l i t i e s  of using se lec t ive  attenuation t o  produce 

beams of ions i n  a given excited s t a t e  are obvious and fu r the r  

experiments with d i f f e ren t  absorbing gases along these l i n e s  i s  

c l ea r ly  ca l led  for, 

O f  d i r e c t  i n t e r e s t  t o  aeronomy i s  the  f a c t  t h a t  t he  cross 

-i- 
sect ions for  react ion of t h e  various s t a t e s  of 0 col l iding with 

N2 at ion.energies  of about 100 ev d i f f e r  by fac tors  of 1501 

many thermal react ion r a t e s  a l so  have such spectacular var ia t ion 

2 

Whether 

with the  s t a t e  of t he  ionic  reactant  w i l l  be something very important 

t o  learn ,  especial ly  fo r  application t o  aeronomic s i tua t ions  where 

ions i n  excited states can be produced. 

It i s  t h i s  author 's  expectation tha t  a review paper on the  

subject of react ions between pos i t ive  ions and neut ra l  molecules 

given f i v e  years hence w i l l  have as i ts  cent ra l  theme t h e  r o l e  of 

exci ted s t a t e s .  
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TABLE OF ULTE COEFFICIE"I7TS AT 300°K 

-(Where several measurements exist t- i n d i c a t e s  approximate range of measared 

v a l u e s  ; where single n e a s u r e m n t s  exist 2 i n d i c a t e s  e s t i m a t e d  expe r imen ta l  un- 

c e r t a i n t y .  

Energy d a t a  are n o t  inclrrded i n  t h i s  t a b l e . )  

N o t a t i o n  "A(-E) " implies A x IO-': E x t r a p o l a t e d  va lues  from High 

References  

Comments 
ma 

10 k 5 (-10) 1-7 

3 
k (cin /sec> - Reac t ion  

-I- 3- 
- 
He + 0 + IIe -I- 0 -!- 0 2 

+ 
12 k 5 (-10) t o t a l  He -l- .N + N 

He -F- N2 
-I- 

+ B r a n c h i n g :  N f  % 65% H e  -I- N2 
N,+ 35% ' 

2 -i 

L. 

2 k 1 (-12) 5 ,  7 ,  9 , .  LO, 11, 1 2 ,  18, 19 
Importance of v i b r a t i o n a l  
t empera tu re  i n  B2 e s t a b l i s h e d  
by S chme 1 tekop f e t a l  
Ref.  13 

2 k 1 (-11) 7, 9, 10, 11, 12, 14 -I- -I- o + 0 2 + 0 + 0 2  

E2+ + c2 -? x2 f o2 -I- 

02+ -I- NO -+ NO + o2 
-I- + N 2  + NO+ + NO 

+ + 0 + NO' + I? 

3- 
N2 
N2+ 9 0 + N2 + 0 

-I- 

O2 

O2 + + N -t EO+ -I- 0 

E2+ + MO -> NO -I- N + 
2 

-I- 
11 -I- o2 + NO+ f 0 

1. f .5 ( -13)  

2.5 ( -10)  

< 1 (-11) 

8 (-10) 

< 1 (-15) 

18. (-10) 

5 (-10) 

3.5 k 1.5 (-10) 

4.5 k 1.5 ( -10)  
+ I 

11' -I- 0 + N f o2 2 

S.8 3.8 (-10) 

6.7 k 2.2 (-10) 

-I- 4- 

02+ 't N a  -> c2 + ;la + 
N2 -I- Na -> ?? -I- Na 2 

7 . 7  t- 2.4  (-11) 

i, 3,  5, 7 ,  9 ,  15 

16 

16 

7, 17 

7, 17 

17 

7, 17 

1, 5,  7, 9 ,  17 

5 ,  7 ,  9 ,  17 

29 



Re €e ren ce s 
and 

Comriieiits 3 Reaction IC (cm / s e e )  

I- 
Ngof -I- 0 + xg -I- o2 

f I- 

-I- c 

4" -b 

Ca -I- 0 -+ CaO -I- O2 

Fe -I- O3 -+ FeO 3 O2 

N a  0, + Ma0 -I- 0, 

3 

I- 
NO*!- I- O3 -> M02 I- O2 

-I- 
H20e -I- E120 + 13 0 -I- 01; 3 - 

I- H20 -I- o2 + 0; c a20 

4 co I- -E 
0 -b co2 -+ o2 

N -1- co, -> co; 4- 1? - I 

f -I- 

H+ -I- CO +- CO+ -b N 
N2 f co2 ->. co2 *2 

c 

+ c 
c 4- o2 -t GO+ 4- 0 

c + co2 + co I- co 
-I- co -I- o2 + 0; f co 

CO-I- -!- co2 -f co; -I- co 

CO2f -t 0 2 + 0; 4- GO2 

7 2 2 (-ll) 20 

2.3 (-10) 22 

'L 1 (-10) 24 

1.6 (-10) 

1.5 (-1.0) 

22 

22 

< 1 (-11) 22 

855 (-19) 

QJ 2 (-10) 

1 . 2  (-9) 

1.3 (-9) 

9 (-10) . 

5 (-10) 

7 (-11) 

1.0 5.1 (-9) 

1.9 (-9) 

2.0 (-10) 

1.1 ( -9) 

1.0 (-1C) 

very s low,  unobservable 
i n  flowing af terglow 

25 

26 

27 

2 %  

25 

2% 

25 

29, 30 

29 

29 

29 
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